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Studies on nonmammalian nephrons
WILLIAM H. DANTZLER
Department of Physiology, College of Medicine, University of Arizona, Tucson, Arizona
The number of studies with segments of renal tubules from
nonmammalian vertebrates isolated and perfused in vitro has
increased substantially in recent years. These studies involve
renal tubules from fish, amphibians, and reptiles. The motives
for such studies range from a desire to understand the renal
adaptations of nonmammalian vertebrates to their environment
to a need to find a preparation appropriate for a particular area
of study. Tubules from a number of nonmammalian vertebrates,
despite difficulties in isolation and perfusion, offer special
advantages for some studies, Often, of course, several motives
have led to an individual study. Whatever the initial reasons for
these studies, however, they are leading to an increased under-
standing of the general process of transport in renal tubules.
In this review, I summarize the essential findings of these
studies in regard to the transport of fluid, electrophysiology and
the transport of inorganic ions, and the transport of organic
substances. I attempt to indicate the particular importance of
these findings for renal physiology, the way in which such
findings are derived from the use of the isolated perfusion
technique with the tubules from certain nonmammalian verte-
brates, and the directions in which these studies are leading.
Transepithelial fluid movement
Net proximal tubule fluid absorption. Studies of net fluid
absorption by isolated, perfused amphibian and reptilian proxi-
mal renal tubules were undertaken initially in the course of
studies of other tubule functions to establish the viability of the
tubules, determine the level of function compared with that in
vivo or determine the range of effects of various experimental
manipulations [1, 2, 31. However, these studies have produced
some interesting and provocative results that could lead to
further studies and a better understanding of the process of net
fluid absorption.
The rates of net fluid absorption in isolated, perfused proxi-
mal portions of bullfrog (Rana catesbeiana) and tiger salaman-
der (Ambystoma tigrinum) proximal tubules are similar in
magnitude (Table 1) and relatively close to the rates observed in
vivo [1, 31. In the bullfrog tubules, net fluid absorption is
inhibited reversibly by the addition of ouabain to the bathing
medium, indicating that it is secondary to sodium absorption
[11. In the salamander tubules, the rate of net fluid absorption is
even closer to that observed in vivo when colloid (15 g/liter
polyvinylpyrrolidone; 6.62 mm Hg colloid osmotic pressure) is
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present in the bathing medium (0.28 nI min1 mm' in vivo;
0.26 nI min mm in vitro with colloid) [3]. However,
removing all the colloid from the bathing medium in vitro has
less than half the effect on net fluid absorption of removing all
the colloid from the peritubular capillaries in vivo [3]. Sackin
and Boulpaep [31 suggest that this may occur because the
colloid exerts its major effect across the peritubular capillary
wall in vivo and across the basement membrane of the tubule in
vitro, if the capillary wall has a much higher reflection coeffi-
cient for the colloid than the basement membrane. They also
suggest that a high permeability of the basement membrane may
permit the colloid to enter the basal labyrinth in vitro, thereby
dissipating the osmotic gradient. These differences between the
in vivo and in vitro effects of the presence of peritubular colloid
merit further study, especially in view of the similarity between
the basic rates of net fluid absorption in vivo and in vitro.
The process of net fluid absorption by isolated, perfused
reptilian proximal tubules is particularly intriguing. With sodi-
um-containing, bicarbonate-buffered Ringer as both perfusate
and bathing medium and dextran (40 g/liter; 40,000 daltons; 38
mm Hg colloid osmotic pressure) in the bath, the rate of net
fluid absorption for garter snake (Thamnophis spp.) proximal
tubules is about the same for both the proximal and distal
portions and about three times the rate for amphibian proximal
tubules (Table 1) [2]. This rate appears to be reasonable for the
tubules in vivo. Moreover, in the presence of sodium-contain-
ing perfusate and bathing medium, fluid absorption is not
dependent on the nature of the buffer (bicarbonate, phosphate,
or Tris) in the luminal or peritubular fluid [2]. It is, however,
reduced about 25% by the removal of colloid from the peritubu-
tar fluid [2].
Of most interest with regard to the mechanism of fluid
absorption in these reptilian tubules are the effects of substitu-
tions for sodium, chloride, or both in the solutions bathing the
tubules [2]. When sodium in the perfusate is replaced with
choline, net fluid absorption almost ceases. When sodium in the
bathing medium is also replaced with choline, so that both
solutions are identical, net fluid absorption returns to the
control rate. The results are the same when sodium is replaced
with tetramethylammonium, when sodium and the equivalent
amount of chloride are replaced with sucrose and when chloride
alone is replaced with methyl sulfate. However, when sodium
in the perfu sate or in both the perfusate and the bathing medium
is replaced with lithium, net fluid absorption does not change
from the control rate. The fluid absorption at control rates,
regardless of the composition of the perfusate and bathing
medium, is isosmotic (within the limits of the measurements)
and can be at least partly inhibited with cold and cyanide [2].
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Table 1. Control fluid absorption rates in proximal tubulesa
Species
Proximal tubule
segment
Fluid absorption
ni min1 mm Reference
Amphibians
Bullfrog (Rana catesbeiana)
Salamander (Ambystoma tigrinum)
Proximal portion
Proximal portion
0.34 0.07 (29)
0.21 0.01 (19)
1
3
Reptiles
Snakes (Thamnophis spp.) Proximal portion
Distal portion
0.87 0.04 (127)
0.90 0.03 (142)
2
2
a Values are means SCM. Numbers in paren thesis indicate the number of tubules.
However, even with sodium present, it cannot be inhibited by
ouabain or other cardiac glycosides or by the removal of
potassium from the bathing medium [2, 41. These data all
suggest that neither sodium nor chloride is absolutely required
for isosmotic fluid absorption in reptilian proximal tubules.
The mechanism involved in this absorptive process is not
understood. It does not appear to be a simple artifact of the
perfusion pressure [2]. However, it may depend in part on the
absorption of the buffers when sodium is absent. Also, some
nonspecific transport system may account for absorption of a
wide variety of solutes and absorption of water may be coupled
to any of these. In addition, some product of cell metabolism
may be transported into the intercellular spaces to produce an
osmotic gradient for fluid absorption, or, alternatively, some
inorganic ions may be cycled between the cells and the intercel-
lular spaces. In any case, the problems raised by these observa-
tions merit further study.
Finally, it should be noted that some absorptive process for
filtered water that does not require sodium may be necessary to
explain fluid absorption in vivo when much of the filtered
sodium is combined with urate precipitates [2]. The use of
isolated, perfused tubules in these studies not only helps to
provide an answer to this question of comparative fluid balance,
but also suggests an unusual process of isosmotic fluid absorp-
tion for further exploration.
Net proximal tubule fluid secretion. Since net fluid secretion
apparently occurs in the proximal tubules of both glomerular
and aglomerular marine teleost fishes [5] and since this process
is so different from the net absorption that occurs in the
proximal tubules of other vertebrates, it is being studied direct-
ly in isolated, perfused flounder (Pseudopleuronectes amen-
canus) renal tubules [61. In these studies, Beyenbach (personal
communication) is now using a modification of the standard
technique in which the perfusion end of the tubule is crimped
and no artificial perfusion is used. Instead, secreted fluid only is
permitted to accumulate in the lumen and to rise into the
collection pipet. In some of these studies, the tubule lumen is
filled with oil initially and the secreted fluid displaces the oil.
Preliminary data from Beyenbach's studies (personal com-
munication) indicate that, with sodium and chloride in the
bathing medium, net secretion of fluid occurs at a rate compara-
ble to the filtration rate. Sodium, chloride, magnesium, and
sulfate are secreted from the bathing medium to the lumen.
However, although magnesium and sulfate are concentrated
markedly in the lumen, they are not responsible for the fluid
secretion, as suggested by in vivo clearance studies [51. Net
fluid secretion occurs at about the control rate following the
removal of all magnesium and sulfate from the bath. Instead,
net secretion appears to depend on the presence of sodium and
chloride in the bathing medium, although lithium can replace
sodium and bromide can replace chloride to some extent.
Sodium and chloride appear in the secreted fluid in the same
concentrations as in the bathing medium. Of additional interest
is the observation that, despite the dependence of fluid secre-
tion on sodium and chloride secretion, the process is not
inhibited by the addition of furosemide or bumetanide to the
bath. These are very exciting findings that again illustrate the
manner in which the use of this technique not only answers
questions about the comparative aspects of renal function but
also raises new questions about the fundamental processes in
transepithelial fluid transport.
Net fluid movement in distal tubules and collecting ducts.
Almost no net transepithelial fluid movement occurs in isolated,
perfused rainbow trout (Salmo gairdneni) distal tubules [71, frog
(Rana pipiens) distal tubules, or tiger salamander (Amby stoma
tigninum) distal tubules and collecting ducts [8], even with an
osmotic gradient from lumen to bath and with the addition of
antidiuretic hormone (arginine vasotocin) to the bath. Similarly,
no net transepithelial fluid movement is observed in garter
snake (Thamnophis spp.) distal tubules despite significant sodi-
um absorption [91. These findings support the concept that
dilution of tubular fluid occurs throughout these regions. More-
over, they indicate that antidiuretic hormone does not have an
effect on the permeability to water of the distal tubules (and, in
the case of the salamander, the collecting ducts) of these
amphibian and fish species. These latter observations are
important from a comparative point of view since other data
suggest that in many nonmammalian vertebrates antidiuretic
hormone only influences glomerular filtration and, possibly, the
permeability of the bladder to water [5].
Electrical measurements and transport of inorganic ions
Proximal tubule. Transepithelial electrical measurements
have been made with isolated, perfused proximal tubules from a
number of nonmammalian vertebrate species [3, 8, 10, 111.
Under control circumstances, with identical solutions in both
perfusate and bathing medium, a small, lumen-negative trans-
epithelial potential is observed (Table 2). This varies from about
0.50 mY in snake (Thamnophis spp.) proximal tubules to about
6.5 mV in toad (Bufo maninus) and frog (Rana pipiens) proximal
tubules (Table 2). The transepithelial resistance, in those tu-
bules (flounder and tiger salamander) in which it has been
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Table 2. Comparative control electrical measurementsa
Tubule segment and
species
Proximal
Fishes
flounder
(Pseudop/euronecles
americanus)
Amphibians
toad (Bufo marinus)
frog (Rana pipiens)
salamander
(Ambystoma tigrinum)
Reptiles
snakes (Thamnophis
spp.)
Distal, early, "diluting"
Fishes
rainbow trout (So/mo
gairdneri)
Amphibians
toad (Bufo marinus)
frog (Rana pipiens)
salamander
(Ambystoma tigrinum)
salamander (Amphiuma
means)
Distal, late
Amphibians
salamander
(Ambystoma tigrinum)
salamander (Amphiuma
means)
Reptiles
snakes (Thainnophis
spp.)
Collecting duct
Amphibians
salamander
(Ambystoma tigrinum)
salamander (Amphiuma
mean2)
Transepithelial
voltage
mV
—6.6 1.7 (4)
—6.5 16(4)
3.4 0.8 (5)
—4.5 0.2 (137) 4.50 x 10 b
0.49 0.15 (14)
Basolateral
membrane
potential
mV Ref.
7
8
8
8
—54 18
61 4 19
measured, is relatively low (Table 2) [3, 11] as would be
expected with a leaky epitheliurn but considerably higher than
that (964 flcm or 6.96 fcm2) measured in isolated, perfused
rabbit proximal convoluted tubules [121.
The equivalent short-circuit current calculated for the floun-
der and tiger salamander tubules (Table 2) is about half that
determined for Necturus proximal tubules in vivo [31 and about
one-fifth that determined for isolated, perfused rabbit proximal
convoluted tubules [12]. The equivalent short-circuit current for
tubules from these poikilothermic nonmammalian vertebrates
Presumably, in the case of the tiger salamander tubules, such
short-circuit current is equivalent to the net sodium transport
rate, but this has not been determined. On the other hand, it is
not at all clear how the electrical measurements for the flounder
tubules isolated and perfused under these standard control
conditions relate to the net sodium chloride and fluid secretion
demonstrated in these same tubules isolated and studied as
described above. The relative importance of sodium secretion
and sodium absorption and the relationship of the net transport
to the electrical properties of these nephrons merit much
Transepithelial resistance
I) cm Il cm2
Short-circuit current
pAcm /.LA
cm
—2.2 0.20 (93) 3.37 0.27 x l0 (20)
+17.8 1.4(53)
8
8
8
86.4h 59.6 2 (84) 3
10
+4.6
+ 13.5
+ 13.6
+17
+ 1.4(4)
1.1 (35)
1.7(14)
22.3
52,1 + 3(81) lObe
83.1
0.78 0.15 (20) I l8.2'
1.73 0.17 (27) 492'
I.5d
+9.0 1.0
41.2 + 4.2 (25)
—2.0 1.0
—34.9 2.1 (27)
—8.9 1.9(17)
—8.0 2.0
2.34 0.16 x 1O (27)
3.1 0.5 x 10(9) 626
8
83 19
24
29
70.0 4.0 19
a Values are means or means SEM. Numbers in parentheses indicate the number of tubules.
Values are equivalent short-circuit currents computed by dividing the average open-circuit transepithelial voltage by the average transepithelial
resistance.
Values were calculated with the internal diameter given in the reference cited.
Values are measured short-circuit current.
would be expected to be less than that for mammalian tubules. additional work.
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The ion selectivity of the paracellular pathway in isolated,
perfused proximal tubules from tiger salamanders (Ambystoma
tigrinum), determined from the transepithelial sodium chloride
dilution potentials, indicates that these pathways are selective
for anions (average chloride-to-sodium transference number
ratio: 3.4) [3]. This anion selectivity is similar to that of
Necturus proximal tubules, determined in micropuncture ex-
periments [13], and of rabbit straight proximal segments, deter-
mined in isolated, perfused tubule experiments [14]. However,
it is the opposite of the cation selectivity found in isolated,
perfused rabbit proximal convoluted segments [15].
A particular advantage of the proximal tubules of Ambystoma
tigrinum is that the cells are large enough to permit stable
intracellular recordings and, therefore, the measurement of
cellular membrane potentials and chemical activities while the
tubules are isolated and perfused in vitro. Initial studies under
control conditions revealed a potential difference across the
basolateral cell membrane of about 60 mV, interior of the cell
negative with reference to the bath (Table 2) [3]. The apical-to-
basolateral membrane resistance ratio can be determined from
the ratio of the apical to basolateral membrane voltage deflec-
tions when current is passed through the perfusion pipet. Under
control conditions, this ratio is about 4.0, a value somewhat
higher than that obtained by micropuncture techniques in
Necturus [3].
Additional studies involving ion substitutions in the perfusate
and the bathing medium during the process of intracellular
recording also have been performed with Ambystoma proximal
tubules [161. The potential difference and the resistance across
the whole epithelium and across the basolateral membrane have
been measured during the removal of sodium, potassium, or
chloride from the perfusate, bathing medium, or both [16].
Sackin and Boulpaep [16] interpret the results of these ion
replacement experiments in terms of an equivalent electrical
circuit in which the renal epithelium is represented in terms of
passive ionic resistances, ionic diffusion potentials, and active
transport current sources. The Ambystoma proximal tubule
appears to possess significant rheogenic (or non-neutral) ion
transport across the basolateral membrane even during control
conditions when identical solutions are present on both sides of
the epithelium. This rheogenic transport is reduced markedly
by the removal of sodium from either the perfusate or the
bathing medium or the removal of potassium from the bathing
medium. However, removal of chloride from both the perfusate
and the bathing medium results in an increase in transepithelial
resistance (apparently through the paracellular path) but no
change in the basolateral rheogenic transport.
Measurements of the intracellular potassium activity with
double-barrelled potassium-selective electrodes during the re-
moval of potassium from the bathing medium and the restora-
tion of potassium to the bathing medium also have been made
simultaneously with the conventional transepithelial and trans-
membrane electrical measurements [16]. The observed changes
in the intracellular potassium activity, the basolateral mem-
brane potential, the basolateral potassium equilibrium poten-
tial, and the transepithelial potential difference during these
changes in the potassium concentration of the bathing medium
all suggest that the source of the basolateral rheogenic pump is a
Na-K-ATPase [16]. This hypothesis is supported by the obser-
vation that ouabajn has an effect on the basolateral membrane
potential and the transepithelial potential essentially identical to
that of removing potassium from the bathing medium [17].
These studies involving both intracellular and transepithelial
measurements during carefully controlled changes in the media
on both sides of the epithelium are beginning to supply funda-
mental information on the nature of the sodium and potassium
transport system, but ion fluxes together with electrical mea-
surements have yet to be made.
Early distal tubule. Studies of some of the electrical proper-
ties and some aspects of ion transport have been made with
isolated, perfused early distal tubule segments from the kidneys
of rainbow trout (Salmo gairdneri) [7], toads (Bufo marinus),
frogs (Rana pipiens) [81, and two species of salamanders
(Ambystoma tigrinum and Amphiuma means) [8, 18, 191. Under
control conditions (standard, sodium chloride-containing Ring-
er), this segment generates a significant lumen-positive trans-
epithelial voltage (Table 2). In frogs and salamanders (Ambys-
toma tigrinum), it is virtually impermeable to water (see above)
and transports sodium chloride from the lumen to the bathing
medium, thereby diluting the luminal fluid [8]. In the frog
tubules and, by implication, the salamander tubules, the trans-
epithelial voltage is abolished by replacing chloride in the
perfusate and bathing medium with nitrate, by adding furose-
mide to the perfusate, and by adding ouabain to the bathing
medium, and reduced by about 40% by replacing sodium in the
perfusate and bathing medium with choline [8]. All these effects
are reversible.
Intracellular electrical measurements of early distal segments
of Ambystoma and Amphiuma nephrons during control perfu-
sions reveal a potential difference across the basolateral mem-
brane of about 50 to 60 mV, inside of the cell negative (Table 2)
[18, 19]. In the Ambystoma tubules this potential difference, as
well as the transepithelial potential difference, is reduced mark-
edly by the addition of ouabain to the bathing medium [18], and
it seems likely that this would be true for the Amphiuma tubules
as well.
The early distal tubule of the rainbow trout is also almost
impermeable to water (see above) and transports sodium chlo-
ride from lumen to bathing medium, thereby diluting the luminal
fluid [7]. The net rate of chloride absorption is about equal to
that observed in the same segment of frog nephrons [81 and the
thick ascending limb of Henle's loop of mammalian nephrons
[20, 21]. The transepithelial voltage is eliminated by furosemide
in the perfusate, by ouabain in the bathing medium, and by the
replacement of either chloride or sodium in both the perfusate
and the bathing medium [7].
These findings for the early distal tubule of both amphibian
and teleost fish nephrons are similar to those for the thick
ascending limb of Henle's loop of mammalian nephrons [20—
221. They indicate that dilution of the tubular fluid occurs in this
segment by the absorption of sodium chloride without water,
that chloride is transported against an electrochemical gradient,
and that the chloride transport may involve a primary active
process. However, the elimination of the transepithelial poten-
tial and (in amphibians, at least) the basolateral membrane
potential by ouabain and the reduction (or elimination in fish) of
the transepithelial potential by sodium replacement also suggest
that chloride transport is dependent on sodium transport and
may involve a co-transport process with sodium.
Finally, net secretion of potassium, against an electrochemi-
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cal gradient, occurs in isolated, perfused early distal segments
of frog (Rana pipiens) and salamander (Ambystoma tigrinum)
nephrons 1$]. And studies on early distal segments of Am-
phiuma nephrons in which the large cells permit stable intracel-
lular recordings during perfusion indicate that the luminal
membrane has a high potassium conductance [191.
Late distal tubule. Studies of some electrical and ion trans-
port properties have been made with isolated, perfused seg-
ments of late distal tubules from kidneys of amphibians (sala-
manders, Ambystoma tigrinum and Amphiuma means) [8, 191
and reptiles (garter snakes, Thamnophis spp.) [23—25]. In the
late distal segments of nephrons from all species, there is a
significant transepithelial voltage, oriented lumen-negative
rather than lumen-positive as in the early distal segments (Table
2). Transepithelial sodium absorption occurs in this segment
against an electrochemical gradient, but, in the case of the
Ambystoma tubules, the rate of net absorption is only about one
fourth of that observed in the early distal segment [81. The
transepithelial voltage observed in the isolated, perfused Am-
phiuma distal tubules (Table 2) [191 is considerably lower than
that obtained by micropuncture measurements [26, 27], but this
may reflect the much later site of measurement in the perfusion
experiments than in the micropuncture experiments.
The large cells of the Amphiuma distal tubules permit stable
intracellular recordings during perfusion. Such measurements
reveal a large potential difference across the basolateral mem-
brane, inside of the cells negative, that is similar in magnitude
to that observed with micropuncture measurements in intact
kidneys [19, 261. These studies also indicate that the apical-to-
basolateral membrane resistance ratio, determined as described
above for Ambystoma proximal tubules, is remarkably high
(about 37 during control perfusion) and that the luminal mem-
brane, in contrast to that of the early distal tubule, has no
significant potassium conductance and is predominantly sodium
selective [19]. There appears to be little net movement of
potassium across this late distal segment isolated from Ambys-
toma kidneys [8], and the potassium secretion that can be
stimulated during micropuncture experiments on intact, per-
fused Amphiuma kidneys [271 apparently occurs in the early
distal segments.
Detailed studies of the transepithelial voltage and resistance
in the late portion of snake (Thamnophis spp.) distal renal
tubules isolated and perfused in vitro suggest that there may be
some intrinsic cellular regulation of sodium absorption in this
region [23—25]. A substantial, lumen-negative transepithelial
voltage (Table 2) is dependent on the presence of sodium in the
perfusate and appears to reflect transepithelial sodium absorp-
tion [23]. As in the case of the Amphiuma late distal tubules, the
luminal membrane of this snake tubule segment appears to have
a low potassium conductance and a high sodium conductance
[23]. However, the transepithelial voltage and the equivalent
short-circuit current (apparently representing sodium ab sorp-
tion) rapidly decay and the transepithelial resistance increases
when the sodium concentration in the lumen exceeds 30
mmoles/liter [23, 241. The luminal addition of amiloride causes
the transepithelial voltage to approach zero and the transepithe-
hal resistance to increase during all phases of the transient with
high luminal sodium [23, 24]. Assuming that the transepithelial
resistance with amiloride in the perfusate was the same as the
resistance through the shunt pathway [25], Beyenhach et al [24]
calculated the transepithelial driving force for active sodium
transport and its series resistance, as originally defined by
Ussing and Zerahn [28]. This analysis indicated that the decay
in transepithelial voltage and short-circuit current when the
concentration of sodium in the perfusate exceeds 30 mmoles/
liter results from an increase in the series resistance to sodium
transport through the active pathway [24]. Since the luminal
fluid in this tubule segment in vivo probably has a low concen-
tration of sodium [23] (Dantzler, unpublished observations),
this tubule epithelium may be specialized to permit further
dilution of the luminal fluid. At the same time, the response to
an excessive sodium load may prevent the distal tubules from
absorbing too much sodium when there is a need for additional
sodium excretion.
Collecting duct. Some electrical and ion transport properties
also have been determined for isolated, perfused segments of
amphibian (Ambystoma tigrinum and Amphiuma means) col-
lecting ducts [19, 29]. Under control conditions (standard
Ringer in both perfusate and bathing medium), this segment,
like the distal tubule, generates a significant, lumen-negative
transepithelial voltage, the magnitude of which is similar for
both species studied (Table 2). Studies on Ambystoma collect-
ing ducts [29] show that this voltage is eliminated by ouabain in
the bathing medium, and studies on Amphiuma collecting ducts
show that it is also eliminated by amiloride in the perfusate [19].
As in the case of the distal tubules, the large cells of the
collecting ducts in Amphiuma kidneys permit stable intracellu-
lar recordings during perfusion. Such studies indicate that, with
amiloride in the perfusate, the voltage across the basolateral
membrane (Table 2) is hyperpolarized arid the apical-to-basolat-
eral membrane resistance ratio increases more than 20-fold [19].
However, a marked increase in the luminal potassium concen-
tration in the presence of amiloride has no effect on any of the
electrical measurements [191. It appears that the luminal mem-
brane of the collecting duct, like that of the distal tubule, is
predominantly sodium selective [19].
A recently developed miniature Ag-AgC1 electrode inserted
axially into the large lumen of segments of isolated, perfused
Ambystoma collecting ducts has permitted voltage-clamp stud-
ies on this tubule segment [29]. The transepithelial specific
resistance (as expected, a very high value compared to that for
the proximal tubule) (Table 2) is the same whether determined
from the current-voltage relationships during voltage clamping
or calculated by the core conductor method [29]. The net
transepithelial ion transport rate, calculated from the transepi-
thelial short-circuit current measured directly with this tech-
nique (Table 2), is very close to the measured efflux of sodium
from the lumen to the bathing medium [29]. These data suggest
that in this nephron segment the active transport of sodium
largely accounts for the movement of charge under short-circuit
conditions [29]. Although much more remains to be learned
about ion transport in this segment, the development of this
axial electrode and the large lumen diameter and the large cells
of the amphibian collecting duct should permit additional de-
tailed studies involving transepithelial voltage clamping and
intracellular recording during perfusion.
Transport of organic substances
Organic acids (other than urate, lactate, and amino acids).
Net renal tubular secretion of a number of organic acids, such
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Fig. 1. Model for net tubular secretion of organic acids based on studies
with tubules from frogs, snakes, and flounders. Circles and solid arrows
indicate either primary or secondary transport against electrochemical
gradient. Broken arrows indicate passive transport down electrochemi-
cal gradient. Heavy arrow on top of broken arrow indicates mediated
transport down electrochemical gradient. Arrows from K and Na
indicate sites of effects of these inorganic ions. Broken arrow with
question mark indicates possible feedback coupling between transport
at the two membranes. (Reproduced from [30] with permission.)
as para-aminohippurate (PAH), iodopyracet (Diodrast), and
phenolsulfonphthalein (PSP, phenol red), occurs apparently by
a common process in most nonmammalian vertebrates studied
[30]. This particular transport process has been studied exten-
sively in isolated, perfused renal tubules from snakes (Thamno-
phis spp.) and less extensively in isolated, perfused tubules
from frogs (Rana catesbeiana) and flounder (Pseudopleuro-
nectes americanus) [301.
In snakes, net PAH transport against a concentration gradi-
ent from bath to lumen occurs only in the distal portion of the
proximal tubule, a pattern similar to that observed in mammals
[31]. In frogs, such net PAH transport occurs in both the
proximal and intermediate portions of the proximal tubule [1].
And in flounders, net transport of iodopyracet against a concen-
tration gradient from bath to lumen apparently occurs in any
proximal segment [32].
Saturation of the organic acid transport system occurs in
tubules from all these species. In isolated flounder proximal
tubules the iodopyracet secretory system saturates at a bathing
medium concentration of about 2 x l0— moles/1iter [32]
whereas in both isolated snake and frog proximal tubules, the
PAH secretory system saturates at a bathing medium concen-
tration of about 6 x l0— moles/liter' [1, 31]. This latter
concentration is virtually identical to the plasma concentration
at which the PAH secretory system saturates in vivo in frogs
[33]. The apparent Km for PAH transport determined from
these saturation studies (about 0.01 mo1es/liter) is also the
same for frog and snake tubules [1, 31].
During the transport of iodopyracet or PAH from bath to
lumen against a concentration gradient by isolated, perfused
flounder, frog, and snake proximal tubules, the concentration of
the organic acid in the tubule cells is greater than that in either
the bath or the lumen [1, 31, 32]. Since there is no evidence of
significant binding of the organic acids within the cells III, 31],
these data are compatible with transport into the cells against a
concentration gradient at the peritubular side (Fig. 1). If it is
assumed that the inside of the cells is electrically negative
Table 3. Apparent permeabilities of luminal (PL) and peritubular (Pr)
membranes to PAH
PL
cm sec' X IO Reference
Control 35a 0.5k' 1, 31, 34
0 mmol 1_I K in bath or
in bath and lumen 34b 0.6's 34
0 mmol l Na in bath or
in bath and lumen 3.2b 1.1" 36
Inhibitors (for example,
unlabeled PAH, phenol
red, probenecid, SITS)
in lumen 0.7 to l.0' 38, 39
a Values given are for snakes (Thamnophis spp.) and frogs (Rana
catesbeiana).
Values given are for snakes (Thamnophis spp.).
compared to the bath (as it is in all those tubules studied, for
example, Table 2), and that these organic acids are transported
as anions, then transport into the cells at the peritubular side is
against an electrical gradient as well (Fig. 1). These organic
acids can then move down an electrochemical gradient from the
cells to the lumen (Fig. 1).
In isolated, perfused proximal tubules from both frogs and
snakes, the apparent permeability of the luminal membrane to
PAH, determined from the net transepithelial PAH transport
and the PAH concentration difference between the cells and the
lumen, is about seven times the apparent permeability of the
peritubular membrane, determined from the efflux of PAH from
the cells of tubules with oil-filled lumens (Table 3) [1, 31, 34].
These values are consistent with the concept of active transport
of the organic acid into the cells at the peritubular side and some
form of passive movement into the lumen (Fig. 1).
The transepithelial permeability to PAH calculated from
these independently measured luminal and peritubular mem-
brane permeabilities (0.44 X l0 cm sec) is very close to that
determined directly from PAH efflux from the lumen (0.67 x
10 cm sec), suggesting that the transepithelial efflux crosses
the cells [35]. In fact, the rate of transepithelial efflux of PAH
predicted from the membrane permeabilities is virtually identi-
cal to that actually measured in frog and snake tubules [1, 35].
These data, showing only a low transepithelial permeability and
only a small transcellular lumen-to-bath efflux, are consistent
with the observation that net organic acid secretion shows
almost no dependence on perfusion rate in flounder, frog, and
snake tubules [1, 31, 321.
A number of studies have been made of the relationship of
inorganic ions to the transport step for organic acids at the
peritubular side of cells. The removal of potassium from the
medium bathing isolated, perfused snake proximal tubules
depresses net transepithelial PAH transport by about 70% [34].
This depression is completely reversible even after 60 mm [34].
At the time of maximum depression, the transepithelial trans-
port of PAH from bath to lumen is still against a slight
Lumen Cell Peritubular fluid
Condition
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concentration gradient; the concentration of PAH in the cell
water, although well below the control level, is still slightly
greater than the concentration in the bath or lumen; and the
apparent permeabilities of the luminal and peritubular mem-
branes to PAH are unchanged from the control values (Table 3)
[34]. These findings are compatible with a reversible depres-
sion, but not the complete elimination, of the active transport
step at the peritubular membrane (Fig. 1). Moreover, the lack of
an increase in the permeability of the peritubular membrane to
PAH in the absence of potassium indicates that the reduced
intracellular PAH concentration does not result from an in-
creased leak of PAH back into the bath across the peritubular
membrane. Although the uphill transport step at the peritubular
membrane is clearly dependent on the presence of potassium in
the bathing medium, the mechanism involved in this depen-
dence is not yet known.
Sodium is also necessary for the transport step for organic
acids at the peritubular membrane. The removal of sodium from
the medium bathing isolated, perfused snake proximal tubules
depresses net transepithelial PAH transport by about 80% [36].
This depression is completely reversible even after 50 mm [36].
At the time of maximum depression, net PAH transport from
bath to lumen is still against a slight concentration gradient and
the concentration of PAH in the cell water, although markedly
depressed from the control level, is still greater than the
concentration in the bath or lumen [361. As in the case of the
potassium requirement, these data are compatible with a re-
versible depression, but not the complete elimination, of the
active transport step at the peritubular membrane (Fig. I).
However, at the same time, the apparent permeability of the
peritubular membrane is double the control value (Table 3) and
the resulting backleak contributes substantially to the depres-
sion of net transport [36]. As in the case of the requirement for
potassium, the mechanism involved in the requirement for
sodium is not yet understood. It does not appear to involve a
directly coupled co-transport system for sodium and the organic
acid, but no data are yet available as to whether the transport of
organic acids into the cells involves a counter-transport system
with other anions that might be influenced by sodium [301.
Moreover, it does not appear that an effect of sodium on the
cytosolic calcium concentrations can account for the effect on
PAH transport [371.
Although the movement of organic acids, such as PAH, from
the tubule cells to the lumen during the process of secretion is
apparently down an electrochemical gradient and could occur
by simple diffusion, recent studies suggest that this is a mediat-
ed process. The addition of unlabeled PAH, phenol red, pro-
benecid, and SITS (4-acetamido-4'-isothiocyano-2 ,2'-disulfonic
stilbene) to the lumen of isolated, perfused snake proximal
tubules reversibly inhibits net secretion of labeled PAH and
reduces markedly the apparent permeability of the luminal
membrane to PAH (Table 3) [38, 39]. Since SITS inhibits net
PAH secretion irreversibly in this preparation when it is in the
bathing medium, the luminal effects are clearly specific for the
luminal entry step. These data suggest that PAH (and, presum-
ably, other organic acids that share this system) moves from
cell to lumen down an electrochemical gradient by a mediated
process (Fig. 1).
This entry step and the apparent permeability of the luminal
membrane to PAH in isolated, perfused snake proximal tubules
are not influenced by the removal of sodium, potassium, or
chloride from the lumen [10, 34, 36]. However, although the
PAH movement from the tubule cells to the lumen does not
require chloride in the lumen, it appears to require an anion to
which the epithelium is highly permeable [10]. This requirement
does not appear to be related simply to the transepithelial
voltage or probably even to the voltage across the luminal
membrane. It may involve an anion-anion exchange [10]. Final-
ly, inhibition of this luminal entry step in isolated, perfused
snake proximal tubules also appears to reduce the uptake of
organic acids at the peritubular membrane, suggesting some
type of feedback coupling between the two systems (broken
arrow and question mark in Fig. 1) [10, 38, 39].
Urate'. The urate transport process has been studied in
isolated, perfused snake (Thamnophis spp.) renal tubules [35,
38, 40, 41]. In fact, since net renal tubular secretion of urate
occurs in snakes in vivo [42], their renal tubules were originally
isolated and perfused primarily for the purpose of studying this
process [40]. These studies show that net urate transport from
bath to lumen occurs against a concentration gradient through-
out the proximal tubule but not in the distal tubule [40, 351.
During net transport from bath to lumen against a concentra-
tion gradient, the concentration of urate in the cell water is
consistently greater than the concentration in the bath or lumen
[401. Since there is no evidence of binding or trapping of urate in
the cells [40], these data are compatible with transport into the
cells against a concentration gradient at the peritubular side
(Fig. 2) [431. If it is assumed that the inside of the cells is
electrically negative compared with the bath and that urate is
transported as an anion, then transport into the cells is also
against an electrical gradient (Fig. 2). Urate can then move
down an electrochemical gradient from the cells to the lumen
(Fig. 2).
This model for the transport of urate appears to be very
similar to that suggested above for the transport of PAH and
other organic acids. However, there are important differences.
First, the apparent passive permeability of the luminal mem-
brane (P,) to urate is much lower than that of the peritubular
membrane (Pr) (Fig. 2), suggesting an inefficient system if urate
transported into the cells is to move readily into the lumen and
not back into the bath [35]. Second, the transport step into the
cells on the peritubular side appears to be dependent in part on
the presence of the perfusate in the lumen [40]. Third, net urate
secretion by perfused snake tubules varies directly with the
perfusion rate, suggesting significant backdiffusion into the bath
at low perfusion rates [40]. Indeed, significant effiux from
lumen to bath that varies with perfusion rate can be demonstrat-
ed [40]. Moreover, the transepithelial permeability determined
directly from this efflux (about 2.4 x i05 cm sec') is about
four times that (0.60 x l0 cm sec) calculated from the
independently measured values for PL and Pp shown in Figure 2
[351. This observation suggests that much of the apparent
passive backleak moves between the cells (broken arrow with
question mark in Fig. 2) [35]. Nephrons filter intermittently in
these animals in vivo, and the relatively high passive permeabil-
'The term "urate" in this paper is used to refer to all forms that
contain the urate anion (uric acid, uric acid dihydrate, and monobasic
urate salts).
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Peritubular fluid Neither the presence of probenecid nor the presence of unla-
beled urate in the lumen has any affect on the movement of
labeled urate from the cell to the lumen or on the apparent
permeability of the luminal membrane to urate [381. These
findings are compatible with urate movement across the luminal
membrane by simple passive diffusion (Fig, 2), but they do not
prove it.
Finally, there is additional evidence that urate is transported
- 3 1 by a separate pathway from that for PAH or other organic— 0 X 10
anions in snakes. As noted above, urate is secreted throughout
cm Sec 1 the proximal tubule whereas PAH is secreted only in the distal
portion of the proximal tubule. Moreover, urate secretion is not
inhibited by high concentrations of PAH, and PAH secretion is
not inhibited by high concentrations of urate [421.
Lactate. Although the endogenous organic acid, lactate, is
filtered freely at the glomerulus and undergoes net absorption
by the renal tubules of all animals studied, the transport process
has been studied in isolated, perfused renal tubules only from
snakes (Thamnophis spp.) [44—46]. Since snakes have a lower
oxidative capacity and obtain a larger proportion of their energy
from glycolysis than mammals, Brand and Stansbury [44] chose
to study their renal tubules on the assumption that it might be
easier to separate and quantify the relative roles of lactate
oxidation and transport in the absorptive process. This has
proved to be the case.
In isolated, perfused proximal tubules from these animals,
the unidirectional flux of lactate from the lumen to the bath is
greater than the unidirectional flux from the bath to the lumen,
the flux ratio being about 3.0 [44]. The unidirectional fluxes and
the flux ratios are essentially the same in both the proximal
portion and the distal portion of the proximal tubule. Of
particular interest is the observation that the lactate transported
from the lumen to the bath is not metabolized. Since these
experiments were performed so that the concentration gradi-
ents during the measurement of the unidirectional fluxes were
identical and so that no exchange diffusion could have oc-
curred, since the transepithelial voltage (about 0.5 mY, lumen
negative; Table 2) could not have accounted for the flux ratio,
and since solvent drag (a' for lactate = 1.00) could not have
affected the fluxes, the absorptive flux must involve some form
of energy-requiring transport process [44]. In this regard, the
unidirectional flux from the lumen to the bath is reduced
reversibly by about 75% when all the sodium in the perfusate
and bath is replaced by choline or tetramethylammonium, but
the unidirectional flux from the bath to the lumen is reduced by
only 25% [461. It seems likely that lactate is absorbed by an
active sodium-dependent process deriving its energy from the
electrochemical gradient for sodium [46].
Although lactate transported from the lumen to the bath is not
metabolized, lactate transported into the cells of nonperfused
tubules from the peritubular side is significantly metabolized
[44, 45]. These data suggest that absorbed and metabolized
lactate are taken up by the tubule cells at opposite membranes
and that the pools of absorbed and metabolized lactate are
separate. They support the idea that renal absorptive transport
conserves substrates for the entire organisms whereas peritubu-
lar uptake supplies nutrients for the tubule cells [44].
Glucose. Among the nonmammalian vertebrates, glucose
transport has been studied only with isolated, perfused renal
tubules from garter snakes (Thamnophis spp.) [47]. However,
CellLumen
p = 0.75 X 10
cm sec
Fig. 2. Model for net tubular secretion of urate based on studies with
snake renal tubules. Broken arrow with question mark indicates possi-
ble passive back leak between cells. Apparent permeabilities for
luminal (PL) and peritubular (Pr) membranes are shown. Other symbols
same as in legend for Figure 1. (Reproduced from 1431 with permission.)
ity of the peritubular membrane, the apparent dependence of
the transport step at this membrane on the presence of fluid in
the lumen, and the apparent passive backleak between the cells
all may function to reduce the accumulation of urate in the cells
or lumens of nephrons that are not filtering.
Fourth, saturation of the net secretory system in these
isolated, perfused tubules is not complete even with a bath
concentration of 40 x l0 moles/liter [40]. This appears
appropriate because plasma urate concentrations may average
40 to 50 x io moles/liter. The apparent Km for urate
transport determined from the saturation data (about 0.15
mmoles/liter) is about 15 times that obtained for PAH trans-
port under similar circumstances in snake and frog tubules (see
above).
Fifth, in contrast to PAH transport, net urate transport by
isolated, perfused snake tubules is completely unaffected when
all the sodium in the bathing medium and perfusate is replaced
with choline [41]. Thus, the transport of urate into the cells at
the peritubular side has neither a direct nor an indirect depen-
dence on sodium. However, as in the case of PAH transport,
removal of potassium from the bathing medium reversibly
inhibits net urate secretion [411. At the time of maximum
inhibition, the concentration of urate in the cell water is lower
than the concentration in the bath but greater than the concen-
tration in the lumen. These findings suggest that the active
transport step across the peritubular membrane is inhibited
completely in the absence of potassium and that urate moves
from bath to lumen by a purely passive process. At this time,
the apparent unidirectional transepithelial permeability from
bath to lumen, calculated on the assumption of completely
passive movement, is not different from that determined from
the passive efflux from lumen to bath (see above). The similar-
ity of these determinations not only indicates that a potassium-
free medium does not alter the transepithelial permeability but
also supports the concept that urate can move passively be-
tween the cells. However, no more information is available
about the mechanism by which potassium affects the transport
of urate than about the mechanism by which it affects the
transport of other organic acids.
Sixth, there is no evidence that the movement of urate from
cells to lumen during net transepithelial secretion is mediated.
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Peritubular fluid peritubular membrane is considered to be a purely passive
process in many species, it clearly appears to be a mediated
process in these isolated, perfused snake renal tubules [47]. The
concentration of glucose in the cells of tubules perfused with
equal concentrations of glucose in both the perfusate and the
bathing medium is only about 60% of these concentrations
during maximum absorption [47]. This observation alone sug-
gests that glucose is transported actively out of the cells on the
peritubular side (Fig. 3). This possibility is also supported by
the observations that the concentration of glucose in the cells
tends to decrease further compared to that in the bath when
entry from the luminal side is blocked by phlorizin and to rise to
equal that in the bath when the perfused tubules spontaneously
stop absorbing glucose [47]. Finally, the apparent permeability
of the peritubular membrane to glucose, determined in the bath-
to-cell direction (P8 C) (Fig. 3), is too low to permit glucose
absorption across this membrane at the observed rates by
simple passive diffusion [47].
Other organic substances. A few studies have been made or
are in progress involving the transport of other organic sub-
stances by isolated, perfused tubules from nonmammalian
vertebrates. In fact, the initial studies with tubules from frogs
(Rana catesbeiana) were undertaken because these animals are
among the few that appear to exhibit net renal tubular secretion
of urea in vivo [49]. However, isolated, perfused frog proximal
tubules that demonstrated net PAH transport and net fluid
absorption comparable to that found in vivo showed no evi-
dence of net secretion of urea [50]. Of course, some factor
necessary for such transport may be missing in vitro. It is also
possible, given the convolutions of the frog nephron, that active
transport occurs only in the distal tubule and that recirculation
of urea accounts for the apparent transport in the proximal
tubule [50].
Some studies are beginning on amino acid transport, as well.
Preliminary data on taurine transport with isolated, perfused
flounder (Pseudopleuronectes americanus) proximal tubules
indicate that net secretion occurs with an apparent active step
at the peritubular side (Beyenbach, personal communication).
These studies could prove particularly significant because they
involve one of the few tubule preparations in which net secre-
tion of an amino acid can be studied.
Conclusions. In this review, I have summarized the results of
studies to date with isolated, perfused renal tubules from
nonmammalian vertebrates. I have tried to stress the most
important findings with regard to the transport of fluid, electro-
physiology and the transport of inorganic ions, and the trans-
port of organic substances. Although most nonmamnialian renal
tubules appear to be no easier, and in many cases more difficult,
to tease out and perfuse in vitro than mammalian renal tubules,
they often offer special advantages for physiological studies.
These may take the form of size (for example, the large size of
amphibian cells for intracellular recordings), unusual transport
properties (for example, the secretion of fluid by flounder
proximal tubules or the response of the sodium transport
mechanism of snake distal tubules to high concentrations of
luminal sodium), or exaggerated transport properties (for exam-
ple, uric acid secretion by snake proximal tubules). These same
properties may also be important in terms of the renal adapta-
tion of the animals to their environment. Clearly, much more
work needs to be done on all the properties discussed here, but
CellLu men
GlucoseNa
cm eec
pc—.L pB-C
cm sec cm sec 1
Control 10.0 X 10 0.65 X 10 0.46 X 1O
0 Na in Lumen 5.98 )< io
Phlorizin in lumen 0.86 X i- 0.65 x 10 0.46 X 10
Fig. 3. Model for net tubular absorption o.f glucose based on studies
with snake renal tubules. Apparent permeabilities of luminal membrane
in lumen-to-cell (PLL_) and cell-to-lumen (PLC -L) directions and of
peritubular membrane in bath-to-cell (pBc) directions are shown.
Other symbols same as in legend for Figure 1.
these studies have led to interesting and provocative results.
As in other vertebrates, net saturable absorption occurs in
the proximal tubule. However, the maximum rate of net absorp-
tion is twice as great in the distal portion of the proximal tubule
as in the proximal portion [47], which is exactly the opposite of
the situation in mammalian renal tubules [48], but no studies of
other nonmammalian renal tubules have been made to deter-
mine if this is a general phenomenon.
These studies with isolated, perfused snake proximal renal
tubules have involved particularly the transport steps at the
luminal and peritubular membranes [47]. The apparent glucose
permeability of the luminal membrane in the lumen-to-cell
direction (PLL — C) determined from the glucose flux and the
concentration difference is about 15 times the permeability in
the cell-to-lumen direction (PLC L) (Fig. 3). The PL —* C
reduced by about 50% when sodium is removed from the
lumen, although this is probably not a maximum reduction since
sodium could still enter the lumen from the bathing medium at
this time. And PL C is reduced to a value essentially the
same as that for PLC L when phlorizin is added to the
perfusate (Fig. 3). However, the glucose concentration in the
cells of these isolated, perfused tubules is always below the
concentration in the lumen during the process of maximum
absorption. This low intracellular concentration of transported
glucose cannot be explained by metabolism. The low intracellu-
lar glucose concentration, the high control value for p1,L—. C
and the effects of phlorizin and a sodium-free perfusate on
PL C all suggest that glucose enters the cells across the
luminal membrane by a saturable, phlorizin-sensitive, sodium-
dependent form of facilitated diffusion during maximum absorp-
tion when the glucose concentration in the lumen is high (Fig. 3)
[47]. Whether or not a form of secondary active transport, as
suggested for many other species [30], also functions at the
luminal membrane in this species when the concentration in the
lumen is low cannot be determined from these studies.
Although the movement of glucose out of the cells across the
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there are undoubtedly tubules of other species that will offer
unique opportunities for physiological studies to the imagina-
tive investigator.
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